The potential for humic substances to stimulate the reduction of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) was investigated. This study describes a novel approach for the remediation of RDX-contaminated environments using microbially mediated electron shuttling. Incubations without cells demonstrated that reduced AQDS transfers electrons directly to RDX, which was reduced without significant accumulation of the nitroso intermediates. Three times as much reduced AQDS (molar basis) was needed to completely reduce RDX. The rate and extent of RDX reduction differed greatly among electron shuttle/acceptor amendments for resting cell suspensions of Geobacter metallireducens and G. sulfurreducens with acetate as the sole electron donor. AQDS and purified humic substances stimulated the fastest rate of RDX reduction. The nitroso metabolites did not significantly accumulate in the presence of AQDS or humic substances. RDX reduction in the presence of poorly crystalline Fe(III) was relatively slow and metabolites transiently accumulated. However, adding humic substances or AQDS to Fe(III)-containing incubations increased the reduction rates. Cells of G. metallireducens alone reduced RDX; however, the rate of RDX reduction was slow relative to AQDSamended incubations. These data suggest that extracellular electron shuttle-mediated RDX transformation is not organism specific but rather is catalyzed by multiple Fe(III)-and humic-reducing species. Electron shuttle-mediated RDX reduction may eventually become a rapid and effective cleanup strategy in both Fe(III)-rich and Fe(III)-poor environments.
Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) is a widely used explosive, and it is recognized as a contaminant of concern at numerous locations, including ammunition depots, production facilities, and live-fire training installations (18, 51) . RDX is moderately soluble at low concentrations and can migrate from soil to aquifer material and groundwater. Groundwater contamination, particularly drinking water supply aquifers, with residues of RDX has become a significant problem because RDX is a possible human carcinogen (the lifetime health advisory for exposure to RDX in drinking water is 2 g/liter) (55) . RDX contamination is a significant issue for the U.S. Department of Defense. A recent report from the Massachusetts Military Reservation located in Sandwich, Mass., indicated that RDX was identified in a plume moving offsite at a mean concentration of 290 g/liter (highest concentration of 370 g/liter), which is more than 100 times the maximum contaminant level (57) .
Few cost-effective technologies exist for the treatment of RDX compounds in groundwater. Pump-and-treat systems are typically inefficient for the remediation of groundwater plumes, largely because they do not address the source of contamination and because of the large volumes of groundwater that must be treated for hydraulic control and regulatory compliance (1) . In addition, these strategies merely remove the groundwater and transfer the contaminants to another medium rather than degrading the contaminants. Permeable reactive barriers using zero valent iron show promise in reducing and/or treating nitramine compounds, but the installation of permeable reactive barriers is known to be technically and economically infeasible at sites with deep or wide plumes (53) .
RDX has a cyclic, nitrogen-containing molecular structure, and it is moderately resistant to aerobic biodegradation (4, 55) . RDX will biodegrade aerobically in the presence of specific microorganisms (14) , but specialized enrichment conditions are required for these organisms to proliferate (4) , and several reports suggest limited degradation kinetics (19, 60) . Aerobic bioremediation is possible in shallow soil or groundwater that has sufficient oxygen but is technically difficult in groundwater that has become anaerobic. Environments with RDX contamination may be cocontaminated with compounds that promote anaerobic conditions.
Most anaerobic strategies for RDX to date have focused on direct microbial reduction of the nitro functional groups on the cyclic structure as the sole terminal electron acceptor (65) . This strategy is effective only when specific microorganisms that respire nitramine compounds are widespread in subsurface systems. In the absence of these microorganisms the reactions may be slow, limiting this strategy in many environments.
Extracellular electron shuttling may be one approach for cyclic nitramines. Electron shuttle-mediated contaminant transformation has been demonstrated for the BTEX compounds (11, 39) , methyl tert butyl ether (11, 12) , carbon tetrachloride (9) , and metals such as uranium (12, 15, 25, 26, 30) . The role of electron shuttling in environmental reactions was reviewed by Hernandez and Newman (24) . To date, the electron shuttle-mediated degradation of cyclic nitramines, including RDX, has not been reported.
Extracellular electron shuttling encompasses all reactions that are catalyzed by microbial reduction of the shuttles, whether it is direct interaction with the reduced shuttle or with Fe(II) resulting from the reaction. Fe(III)-and humic substance (HS)-reducing microorganisms have been identified in shallow and deep aquifer material, freshwater (35) and marine sediment (22) , soil (7) , and extreme environments such as hot springs and volcanic sediment (27) . A few recent reports (17, 59) suggest that RDX was transformed by reactive Fe(II), the product of Fe(III) respiration. The ubiquity of Fe(III)-and HS-reducing microorganisms increases the likelihood that remediation strategies predicated on their physiology will be successful in many subsurface environments (6) .
In the present study, indirect or direct electron transfer to RDX via reduced purified HS, reduced anthrquinone-2,6-disulfonate (AQDS), and Fe(II) was investigated. Understanding electron transfer mechanisms via an electron shuttle to RDX (versus direct electron transfer from microbial respiration) is important for establishing strategies for groundwater bioremediation. The objectives of the present study were (i) to verify the specific mechanisms for RDX reduction by Fe(III) reducing microorganisms and HS and (ii) to determine whether stimulating Fe(III) and HS reduction increases the rate and extent of RDX biodegradation. In addition, the present study was designed to determine whether HS-mediated RDX transformation is microorganism-specific or a general phenomenon among different HS-reducing species.
MATERIALS AND METHODS
Chemicals. RDX (ca. 97% pure) was provided by the U.S. Army Corps of Engineers, Construction Engineering Research Laboratory, Champaign, IL. Hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX; 99%), hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX; 58% pure with 34% MNX and 8% hexahydro-1,3,5-trinitroso-1,3,5-triazine [TNX]), and TNX (Ͼ99.9%) were purchased from SRI International (Menlo Park, Calif.). Purified humic acid and AQDS were purchased from Sigma Aldrich (Milwaukee, WI). High-pressure liquid chromatography (HPLC)-grade methanol was purchased from Aldrich Chemicals. All other chemicals used were of reagent-grade quality or higher.
Microorganisms. Geobacter metallireducens strain GS-15 (ATCC 53774) and Geobacter sulfurreducens strain PCA (ATCC 51573) were originally obtained from the University of Massachusetts at Amherst and maintained using the ferric citrate and AQDS media described below.
Medium and culturing conditions. The basal medium consisted of (in g liter Ϫ1 unless specified otherwise): NaHCO 3 (2.5), NH 4 Cl (0.25), NaH 2 PO 4 · H 2 O (0.6), KCl (0.1), modified Wolfe's vitamin and mineral mixtures (each 10 ml liter Ϫ1 ), and 1 ml of 1 mM Na 2 SeO 4 . Electron acceptors used with the medium included soluble Fe(III) citrate (45 mM), poorly crystalline Fe(III) (hydr)oxide (50 mmol/liter), or AQDS (5 mM). All cultures were maintained as previously described (10) .
Pure phase incubations. Chemically reduced AQDS (C-AH 2 QDS) was prepared by sparging the medium bottle with H 2 -CO 2 (80:20 [vol/vol] ) in the presence of palladium-covered alumina pellets as previously described (33) . The chemically reduced AQDS was filtered through a 0.2-m-pore-size sterilized polytetrafluoroethylene (PTFE) filter into a presterilized, anaerobic serum bottle. Biologically reduced AQDS (B-AH 2 QDS) was prepared by incubating Geobacter metallireducens in AQDS medium (5 mM). The B-AH 2 QDS was filtered through a 0.2-m-pore-size-sterilized PTFE filter into a presterilized, anaerobic serum bottle to remove cells. Biologically reduced Fe(II) was prepared in a similar manner using 45 mM Fe(III) citrate medium in lieu of AQDS medium.
The concentrations of reduced AQDS (chemical or biological AH 2 QDS) tested were 500, 300, and 100 M for the incubations with RDX; 300, 100, and 50 M for the incubations with MNX; and 200, 100, and 50 M for the incubations with DNX. Incubations were performed at 25°C. The starting RDX concentration was either 100 or 50 M, depending on the specific experimental conditions.
Experiments were initiated by injecting RDX into the buffer with AH 2 QDS.
Samples were collected periodically via anaerobic syringe and needle; samples were filtered through sterile, 0.2-m-pore-size PTFE filters prior to analyses. RDX was quantified at each time point. The AH 2 QDS concentration was quantified for the AH 2 QDS or AQDS incubations, and Fe(II) was quantified for the ferrous iron incubations.
Resting cell suspension incubations. Cell cultures (G. metallireducens or G. sulfurreducens) were grown in freshwater medium with acetate as the sole electron donor and Fe(III) citrate as the sole terminal electron acceptor. One liter of cell culture was harvested during the logarithmic growth phase and centrifuged (at 5,000 rpm for 15 min) to form a dense cell pellet, and cell suspensions were prepared as previously described (42) .
Electron acceptors were amended from concentrated, anaerobic, sterile stock solutions. Electron acceptors incubated with the cells included humic acids (0.25g/liter), poorly crystalline Fe(III) oxide (45 mmol/liter), AQDS (5 mM), humic acids plus poorly crystalline Fe(III) oxide, and AQDS plus poorly crystalline Fe(III) oxide. Cells were incubated at 30°C. Acetate was added at a final concentration of 20 mM to each suspension as the sole electron donor. An aliquot (0.3 ml) of the resting cells was added to the sealed pressure tubes to initiate each experiment.
Samples were collected periodically via anaerobic syringe and needle. RDX was quantified at each time point. The AH 2 QDS concentration was quantified for AQDS incubations and Fe(II) was quantified for ferrous iron incubations. The total cellular protein was determined by using a DC protein kit (Bio-Rad) and a modified Lowry protein assay (40) . Cell protein normalized decay rates were calculated based on pseudo first-order degradation coefficients.
Analytical techniques. Aqueous samples from each experiment were filtered through a 0.2-m-pore-size sterile PTFE membrane (PALL Life Science) prior to analysis. RDX and its metabolites MNX, DNX, and TNX were analyzed by using HPLC with a variable wavelength photodiode array detector (HPLC/UV; Dionex) at 254 nm as described previously (13, 59). The filtered samples were manually injected into a Supelcosil LC-CN column (25 cm by 4.6 mm, 5-m inner diameter) at an ambient temperature. A mobile phase consisting of 50% water and 50% methanol was used at a flow rate of 1 ml/min. RDX, MNX, DNX, and TNX were compared to certified analytical standards at known concentrations in acetonitrile. The concentration of reduced AQDS was determined spectrophotometrically at 450 nm versus standards of chemically reduced AH 2 QDS as previously described (31) . Aqueous Fe(II) and total solid-phase iron concentrations were quantified by the Ferrozine assay as described previously (36) .
RESULTS
RDX reduction by biologically and chemically reduced AH 2 QDS. In order to evaluate whether reduced extracellular electron shuttles transfer electrons to the cyclic nitramine RDX, the HS analog AQDS was biologically and chemically reduced and then incubated in cell-free, anaerobic mixtures with RDX. AQDS was used in lieu of purified HS because it is a defined molecule (molecular mass of 366.32 g/mol) that has been well characterized with respect to its electron-shuttling capacity. In addition, its color changes from opaque pink to vivid orange as it changes from oxidized to reduced state; therefore, it can be quantified spectrophotometrically at 450 nm. Two different concentrations of chemically and biologically reduced AQDS were amended to 50 M RDX to determine whether the reduction rate of RDX was different with the reduced AQDS produced by different methods. The quantified reduction rate of RDX between chemically and biologically reduced AQDS was not significantly different; therefore, subsequent pure-phase incubations were performed with only biologically reduced AQDS.
RDX is reduced by a series of stepwise two-electron transfers generating nitroso intermediates (Fig. 1) . The stoichiometry of electron transfer between reduced AQDS and RDX was investigated with three different concentrations of microbially reduced AQDS (Fig. 2 ). RDX at 100 M was completely transformed within 9 h in the incubations when amended with 500 M and 300 M B-AH 2 QDS. However, RDX was reduced to ca. 61 M with 100 M B-AH 2 QDS ( Fig. 2A) . This result was within range of the expected stoichiometry for oxidation of AH 2 QDS coupled to RDX reduction (with TNX as the end product of the reductive pathway). Approximately one-third of the 100 M RDX was reduced when one-third of the stoichiometric equivalent of AH 2 QDS was provided, suggesting that RDX was reduced to TNX, with TNX removed by an unidentified reaction pathway. Reduced AQDS transfers two electrons per mole in the coupled oxidation/reduction reaction, and RDX accepts six electrons per mole (to TNX). The half reactions and the full reaction are as follows:
Therefore, three times as much B-AH 2 QDS (molar basis) is needed to completely reduce RDX. The two likely reaction pathways would be RDX 3 MNX, in which case the AH 2 QDS would have been oxidized with stoichiometric MNX accumulation, or RDX 3 TNX, in which case AH 2 QDS would be oxidized without MNX or DNX accumulation. MNX, DNX, and TNX did not accumulate; therefore, the second pathway is the likely pathway. The lack of TNX accumulation is discussed below.
The concentration of AH 2 QDS decreased coupled to RDX reduction. AH 2 QDS at 500 M was oxidized to approximately 200 M, and 300 M AH 2 QDS was oxidized to approximately 50 M concomitantly with RDX reduction (Fig. 2B ). When AH 2 QDS (100 M) was limiting relative to RDX (at 100 M), it was completely oxidized within 8 h.
MNX and DNX reduction by biologically reduced AH 2 QDS. The metabolites MNX, DNX, and TNX did not significantly accumulate during AH 2 QDS-mediated RDX reduction; therefore, the individual metabolites were incubated with AH 2 QDS to determine whether they can be directly reduced. MNX at 50 M was directly reduced by AH 2 QDS at all AH 2 QDS concentrations tested; however, the extent of reduction differed among the treatments (Fig. 3A) . Excess AH 2 QDS (300 M) completely reduced MNX below detection limits within 8 h. When the stoichiometric equivalent of AH 2 QDS (100 M) was provided, reduction was slower and did not proceed to completion. However, previous experiments suggested that the stoichiometric equivalent completely reduced MNX in a much shorter time frame (Fig. 3C) . AH 2 QDS at 50 M reduced approximately 20 M MNX (Fig. 3A) , which is within the range of the expected stoichiometry.
DNX was also reduced by AH 2 QDS; however, the DNX stock was not chemically pure, and the reaction did not closely match the expected stoichiometry for DNX (Fig. 3B) . The original stock was composed of ca. 58% DNX, 34% MNX, and 8% TNX. AH 2 QDS in excess of the necessary stoichiometry (200 M) completely reduced the mixture of DNX plus MNX in approximately 30 h. However, past experiments suggest that MNX and DNX can be reduced in less than 4 h (Fig. 3D ). MNX and DNX did not accumulate to a significant extent in any AH 2 QDS-amended experiments with RDX as the starting material. TNX was transformed as well (data not shown) by an unidentified pathway; the mechanism is currently under investigation using uniformly radiolabeled [ 14 C]RDX. RDX reduction kinetics slowed at 4°C (Table 1) . Although MNX and TNX were quantifiable, neither of the nitroso intermediates (Table 1) .
RDX reduction by Fe(III) and/or extracellular electron shuttles in the presence of Fe(III)-reducing cells (Geobacter metallireducens). RDX was reduced in all experimental incubations containing resting cells; however, the rate and extent of RDX reduction differed greatly among treatments. AQDS stimulated the fastest rate of RDX reduction (Fig. 4A) . RDX was reduced to below detection limits in less than 12 h regardless of the presence of acetate. The initial degradation rate of RDX with the presence of acetate was faster than that of RDX without acetate. Cells of G. metallireducens without AQDS also reduced RDX; RDX was still detectable at 12 h in cell-only incubations. These are the first data demonstrating RDX reduction by cells within the family Geobacteraceae. Later time points demonstrated that cells alone reduced RDX in approximately 50 h, which was comparable to purified humic substance-mediated RDX reduction. The maximum concentration of MNX quantified during the incubations with AQDS was 0.25 M, and it was no longer detected within 12 h (Fig. 4B) . RDX was completely reduced to concentrations below detection within 50 h with purified humic substances (Fig. 4C) . MNX transiently accumulated to 0.8 M in humic substanceamended incubations and quickly decreased at approximately 20 h (Fig. 4D) . RDX reduction was the slowest with poorly crystalline Fe(III) oxide as the sole electron acceptor. RDX slowly decreased from 40 to 30 M with poorly crystalline Fe(III) oxide for 100 h (Fig. 4E) . MNX accumulated in these incubations, although the concentration was not a stoichiometric increase, suggesting partial MNX reduction (Fig. 4F) . The MNX concentration eventually decreased below the detection limit with longer incubation times. DNX and TNX did not accumulate significantly within the time frame of these exper- (Fig. 4E ). Adding humic acids or AQDS-to Fe(III)-containing incubations increased the reduction rates by approximately 5 and 66 times, respectively ( Fig. 5A and B) . These rates of RDX degradation were calculated from the pseudo first-order RDX decay constants (Table 2) . Fe(II) concentrations were higher in AQDS-and HS-amended incubations than poorly crystalline Fe(III) oxide alone (Fig. 5C) . RDX was not reduced in the absence of cells; therefore, only the results for the humic-amended "no-cell" control are presented (the results with AQDS were identical).
RDX reduction by Fe(III) and/or extracellular electron shuttles in the presence of Fe(III)-reducing cells (Geobacter sulfurreducens).
Similar results were obtained with resting cell suspensions of G. sulfurreducens, another member of the Geobacteraceae that has variant physiological properties from G. metallireducens (5, 34) . RDX was reduced with cell suspensions of G. sulfurreducens with several electron acceptors including AQDS, HS, and poorly crystalline Fe(III) oxide. Direct electron transfer from AQDS or HS was faster than Fe(III)/ Fe(II)-mediated electron transfer to RDX. All G. sulfurreducens results are summarized as individual reaction rates in Table 2 .
DISCUSSION
These results suggest that electron shuttle-mediated RDX reduction is favorable and that RDX is reduced faster by extracellular electron shuttles, including HS and the HS analog AQDS, than direct microbial reduction or bound Fe(II). HS reduction has been identified in numerous subsurface environments and is catalyzed by microorganisms that are ubiquitous in their distribution (6, 32, 48) . Direct reduction of RDX or its nitroso metabolites has been reported, but the results suggest that activity may differ among contaminated environments (2, 56, 65) . Effective remediation strategies for explosive-residue contaminants such as the cyclic nitramines (RDX and HMX) must be effective in many environments before they will be accepted by the regulatory community. RDX biodegradation has been reported for aerobic and anaerobic systems; anaerobic biodegradation is the preferential pathway because the nitro groups must be reduced prior to ring cleavage and mineralization to CO 2 under anaerobic or aerobic conditions (20, 56) . Recent data demonstrated that aerobic, methylotrophic bacteria will degrade a ring cleavage product of RDX, 4-nitro-2,4-diazabutanal (14); however, the ring must first be cleaved for this reaction, which is faster under anaerobic conditions. All reported aerobic data are promising, but RDX contaminates anaerobic subsurface and sedimentary environments in which aerobic metabolism is limited and inefficient (54, 58) . In addition, given the extent of some RDX plumes (57) , no strategy should be overlooked because one plume may encompass several geochemical zones.
Strategies which promote RDX reduction through MNX3 DNX3 TNX have been investigated in more detail than alternative mechanisms (20, 44) . RDX biodegradation has been reported for environmental samples (e.g., marine sediment), mixed anaerobic cultures, or pure cultures (44, 62, 63) . Mixed enrichment cultures cultivated from marine sediment reduced RDX through its nitroso intermediates and ultimately led to mineralization of nearly 60% of the RDX in one series of incubations (61, 63) . The mineralization activity was not consistent, and alternate batches yielded different results (61) . However, Shewanella species were the dominant microbial population in the most active enrichment, which suggests that in situ Fe(III)-reducing microorganisms may be responsible for RDX biodegradation. One novel species within the genus Shewanella was isolated from this sediment, which suggests that Fe(III) reduction may have been the dominant terminal electron-accepting process (61) . This previous investigation did not explore the link between Fe(III) reduction and RDX transformation, however, and the authors suggested that direct RDX reduction was the primary mechanism. Although the data presented above demonstrate that Geobacteraceae will directly reduce RDX, it is transformed faster by abiotic electron shuttling from reduced quinones. Reports of RDX biodegradation have been sporadic, and no published data have yet to suggest a link between a specific group of microorganisms and RDX reduction. The inconsistent degradation patterns may be due to environmental samples with different dominant terminal electron-accepting processes promoting a wide array of degradation kinetics. However, the most consistent RDX reduction data prior to those reported here have also been in the presence of Fe(III)-reducing bacteria (59) .
Gregory et al. demonstrated that reactive biogenic Fe(II) (soluble ferrous iron adsorbed to the surface of magnetite) reduced RDX through its nitroso intermediates (17) . The metabolites accumulated for several days prior to their removal, and TNX accumulated in most bottles (17) . The data presented above with Fe(III) agree with these past studies, suggesting that Fe(II) will transform RDX; however, soluble Fe(II) reduced RDX much more slowly than Fe(II) generated from poorly crystalline Fe(III) oxide (i.e., magnetite). The past studies did not, however, stimulate Fe(III) reduction by adding soluble electron shuttles. As described above, processes that stimulate the rate of Fe(III) reduction also stimulate the rate of RDX reduction. In all cases electron shuttles reduced RDX and its intermediates faster than biogenic Fe(II) (with reaction rates on the order of hours rather than days) (Fig. 3 to 5 and Tables 1 and 2) .
HS have been reported to facilitate the degradation of several organic contaminants (31, 52) as an electron acceptor or shuttle to Fe(III) which promoted oxidation of organic molecules such as benzene, toluene, or methyl tert butyl ether (11, 12, 38) . HS and quinone analogs such as AQDS, juglone, and lawsone also reduce inorganic and organic molecules (32, 46, 47) . AQDS was reported to reduce U(VI) in solution or adsorbed to the surface of oxide solids (16, 26) . Juglone and lawsone reduced trinitrotoluene in aqueous suspension (47) . Although high-molecular-weight HS are insoluble and can merely adsorb organic contaminants, low-molecular-weight HS are soluble and will likely promote these reactions in situ. Remediation strategies predicated on low-molecular-weight HS are relatively benign in that the HS are catalytic and only a low concentration is needed to promote these reactions (32) . Microorganisms within the family Geobacteraceae are generally reported as model Fe(III)-reducing bacteria (8, 37) . They have been identified in pristine and contaminated subsurface and sedimentary environments and are implicated in iron-and HS-mediated processes-including contaminant transformation-both in pure culture and in situ (6, 8) . A large body of data exists for their physiology, which is why two species within the Geobacter genus were selected to first test the electron shuttle-RDX biodegradation pathway. The data presented here are the first demonstrating cyclic nitramine reduction by a member of the Geobacteraceae; however, the electron shuttle-mediated mechanism was significantly faster than direct electron transfer from high-density resting cells. In addition, the two species tested did not conserve energy for growth coupled to RDX reduction (data not shown). Numerous genera are reported to reduce Fe(III), AQDS, or natural HS; alternative genera that reduce HS include Desulfitobacterium, Anaeromyxobacter, Shewanella, and Rhodoferax (10, 23, 32) . Initial experiments with the genera mentioned here suggest that all of these organisms promote the same reactions (data not shown). It is the ubiquity of Fe(III) and HS reduction (and the diversity of the microorganisms involved) that makes the proposed bioremediation strategy an attractive alternative to RDX reduction by direct cellular electron transfer processes.
The data presented here are the first demonstrating RDX reduction by reduced HS or the reduced HS analog AH 2 QDS. Reduction rates were similar for chemically reduced or biologically reduced AQDS; however, the eventual strategy is based on microbial HS reduction, and therefore the biological mechanism is more relevant to the ongoing investigation. Past studies suggest RDX reduction on the orders of days, weeks, or months. AH 2 QDS and HS mediated RDX reduction was significantly faster, on the order of hours for complete degradation. Although the number of reactive pathways for reduced quinones will increase in environmental media, these data suggest that HS and Fe(III) reduction stimulated by microorganisms will attenuate RDX in situ.
RDX is reduced through three nitroso metabolites; remediation strategies must attenuate these compounds, as well as the parent compound, because the mono-and di-nitroso forms (MNX and DNX, respectively) are also relatively stable and pose a groundwater hazard. TNX, the trinitroso metabolite, is less stable and may degrade via several putative pathways in situ (29) . However, several reports have demonstrated that TNX may accumulate during RDX biodegradation (41, 44, 50) , which suggests that the ultimate fate of the nitroso metabolites depends on the site conditions. Initial experiments with MNX and DNX suggested reduction in less than 2 h (Fig.  3C and D) . However, experimental conditions were different (higher temperature, lower pH), which may have altered the reduction kinetics. Later experiments (Fig. 3A and B) run at more biologically relevant conditions demonstrated MNX and DNX reduction over 8 to 12 h, which is still a reasonable time frame for bioremediation.
TNX was not recovered at stoichiometric concentration in any of the incubations within this research, suggesting that TNX is either (i) unstable and degrades autocatalytically or (ii) degraded by an as-yet-unidentified reductive mechanism. These HS-and AQDS-mediated reactions were pH and temperature specific. As expected, a lower temperature decreased the rate of reaction with RDX and all intermediates (Table 1) . Small fluctuations in the pH (Ϯ0.2 pH units) did not alter the reaction stoichiometry or rate. Larger pH fluctuations may change the reaction rate and will be tested. RDX reduction kinetics did not change significantly in the presence of resting cell mass with either Geobacter metallireducens or G. sulfurreducens. Cell-free AH 2 QDS completely reduced RDX in approximately 8 h; both AQDS-amended cell suspensions reduced RDX completely within 12 h. However, this does suggest that the rate-limiting step is likely microbial AQDS reduction rather than abiotic electron transfer from AH 2 QDS to RDX. Cells reduced RDX in the presence of AQDS whether acetate was added as an electron donor or not. This has been previously described for several metal-reducing microorganisms, including Thermus strain SA and Deinococcus radiodurans R1 (15, 28) . It has been referred to as "endogenous respiration" and refers to the cellular capacity to utilize electron donors from cell mass (either storage molecules or cellular lysate debris) to continue metabolism. Given that Geobacteraceae are not reported to generate storage molecules under these conditions, it is likely that the acetate-free respiration was promoted by cellular debris. It was not nonspecific electron transfer from reduced cytochromes (or equivalent electron transfer molecules) to AQDS or HS because airoxidized cell suspensions behaved in a similar manner, with RDX being reduced in the absence of acetate (Table 2) .
Natural HS also stimulated RDX reduction in the presence of both cell suspensions. HS-mediated RDX reduction was slower than AQDS-mediated RDX reduction (Fig. 3 to 5 and Tables 1 and 2 ). This is not surprising given that AQDS is a small molecule with a single, easily accessible (i.e., not sterically hindered) quinone moiety that transfers two electrons per mole (31) . Natural HS are large, undefined molecules with varying quinone content, and each individual quinone functional group may be slightly less accessible (for either cellquinone interaction or hydroquinone-RDX interaction) than the comparable AQDS or AH 2 QDS reaction mechanisms. Previous investigations with electron shuttling demonstrated that AQDS, natural (Aldrich) humics, and purified International Humic Substance Society humics shuttle electrons at different rates to Fe(III) and other electron acceptors (32, 43) . Follow-up experiments with International Humic Substance Society humics will be performed. However, these data suggest that different HS (or analogs and/or quinones) will reduce RDX at different rates with slightly different metabolite accumulation dynamics and that for in situ applications different HS sources must be tested to identify an option that is both mechanistically feasible and cost efficient. Based on past data these options include river sediment humic and/or fulvic extracts, leaf litter extracts, and possibly military smoke dyes that contain quinones (43, 45) .
In addition, this was a species-specific phenomenon. HS significantly increased RDX reduction for G. sulfurreducens (Table 2) tested. In all cases the HS-and AQDS-facilitated reactions were faster in the absence of bioavailable, poorly crystalline Fe(III), and RDX was completely removed from the system in HS-amended incubations; AQDS-amended incubations were RDX depleted at a faster rate. Bioavailable Fe(III) has a dual role with respect to electron shuttles and RDX. In both cases the eventual outcome is RDX reduction and therefore degradation; however, the mechanisms to reach that point differ, and thus the rates vary in the presence or absence of Fe(III). Fe(III) readily accepts electrons from reduced HS and AH 2 QDS; Fe(III) reduction in this manner is very fast (31, 32) . As demonstrated here, Fe(III) at times competed for electrons from the reduced HS and AH 2 QDS, and RDX was only reduced once Fe(II) had been generated. In the absence of Fe(III) electrons are transferred directly from the reduced shuttle to RDX, with very little degradation lag time. In the presence of Fe(III) the lag time increased and RDX degraded only once Fe(III) had been significantly reduced. Therefore, the "dual role" is a slight inhibitory period, followed by a stimulatory period, with respect to RDX reduction. Fe(III)-reducing biomass generated in these environments will reduce available HS; therefore, any increase in Fe(III) reduction eventually benefits site restoration. However, direct electron transfer from electron shuttles will be faster than from cells or Fe(II).
MNX, DNX, and TNX accumulated only transiently in either of the resting cell suspensions without Fe(III) present. In several experiments metabolites were reduced so quickly that they were not even quantified above the error range of the method detection limit. However, MNX accumulated for longer periods of time when Fe(III) was present. MNX eventually degraded in all Fe(III) amended incubations, but MNX degradation was within several days rather than a single day, which was the case in AQDS or HS-amended incubations that lacked Fe(III). DNX and TNX did not accumulate.
Bioremediation options for RDX have been limited to electron donor amendment to stimulate native microorganisms to potentially reduce RDX, most likely by direct electron transfer from cells to the nitro groups of the molecule (3, 21, 49, 64, 65) . However, this approach can be described as moderately successful at best, with rates and extent of RDX transformation varying widely among the treated material. The data presented above describe a novel approach for RDX reduction: targeting HS and/or Fe(III) reduction by adding soluble electron shuttles to promote extracellular electron transfer from Fe(III)/ HS-reducing biomass to RDX (and its nitroso intermediates). Targeting a group of microorganisms known to be ubiquitous in their distribution circumvents the need for specialized cells capable of direct RDX reduction. This approach may become an effective and efficient bioremediation strategy for subsurface environments contaminated by RDX or other cyclic nitramine compounds.
